Many studies have demonstrated the concept of using free--radical polymerization reactions to provide signal amplification so that molecular recognition events indicative of disease states may be detected in a simple and low--cost manner. We provide the first systematic study of how dissociation constant impacts detection sensitivity in these assays, having chosen a range of dissociation constants (nanomolar to picomolar) that is typical of those encountered in molecular diagnostic applications that detect protein--protein binding events. In addition, we use experimental results to validate a mass--action kinetic model that may be used to predict assay performance as an alternative or supplement to the empirical approach to developing new polymerization--based amplification assays that has characterized the field to date.
Introduction
Polymerization-based amplification has been established as a sensitive signal amplification technique for use in molecular diagnostics. Amplification is achieved through the initiation of radical polymerization coupled to molecular recognition at a surface. Initiating molecules immobilized at a surface generate radical species that react with carbon-carbon double bonds of acrylate monomers, a process that results in polymer formation. Various chemistries have been implemented, including atom transfer radical polymerization (ATRP), 1, 11, 12, 23, 24 photopolymerization, 2,4-9,13,15-17,20,22 reversible addition-fragmentation chain transfer polymerization (RAFT), 3, 10, 19 and enzyme-mediated redox polymerization. 18, 21 Of these methods, photopolymerization has shown promise as a point-of-care technology as it allows for the formation of micron scale hydrogels in as little as thirty-five seconds under ambient conditions. 22 Photopolymerization-based amplification requires the localization of photoinitiators at a surface through binding events (typically DNA hybridization or protein binding). Much of the previous work studying photopolymerization-based amplification has explored the case in which signal amplification, rather than the thermodynamics or kinetics of the binding event, is limiting. 2, [4] [5] [6] [7] 9, 15, 18, [20] [21] [22] These studies have made use of the high-affinity biotin-avidin interaction (dissociation constant~10 -15 M) 25 as a model recognition event that is particularly well suited to studying the effects of varying different aspects of the chemistry, such as monomer composition or initiator type. However, in order to implement this technology for clinical diagnostics, it is necessary to employ biological recognition events for which dissociation constants (K d ) are typically in the nanomolar to picomolar range (e.g. antibody-antigen complex formation). 26 Although there are several examples of polymerization-based amplification studies involving antibody-antigen complex formation, 7, [12] [13] [14] [15] 17, 18, 21, 23 a systematic investigation of the effect of varying the dissociation constant on assay sensitivity has never been performed. In the absence of signal amplification, it is expected that increasing the binding affinity should enhance the sensitivity of an assay. However, the coupling of a binding event with an amplification reaction introduces additional complexities. For amplification processes, there are generally three distinct signal regimes. The first regime, near the limit of detection, is set by the amplification threshold.
In the case of photopolymerization, this threshold corresponds to the minimum initiator density required to induce polymerization. For enzyme-linked immunosorbent assay (ELISA), the threshold is set by the minimum amount of enzyme necessary for sufficient substrate conversion for a detectable readout, and for immuno-PCR, the threshold is the minimum DNA concentration required for PCR. The second signal regime is characterized by dynamic change in the signal in response to initiator, enzyme, or DNA concentration changes, and in the final regime, above a certain initiator, enzyme, or DNA surface concentration, amplification based assays tend to exhibit signal plateaus. 6, 27 In this final regime, there may be no apparent difference between binding molecules with different dissociation constants depending on the concentration used and whether that concentration results in a fraction bound that is within the plateau region. For the purposes of bioassay development, quantitatively establishing how these signal regimes relate to K d values is useful, particularly in the nanomolar to picomolar range.
Binding affinity studies of ELISAs have predominantly shown that assay sensitivity improves as the dissociation constant for the interaction decreases. 28, 29 However, in a study by Glass et al. in which the least detectable concentration (LDC) was measured for four antibodies for estradiol with different affinities (K d =0.006 to 1.4 nM as measured by kinetic exclusion), the authors measured the same LDC for the two highest affinity binders. 29 In the absence of experimental details such as the length of the incubation periods (data collection was contracted out to the biosensor manufacturer), it is difficult to speculate as to why the LDC did not change when the K d was reduced from 0.039 to 0.006 nM.
In this study, we investigate the impact of varying binding affinity on the sensitivity of photopolymerization-based amplification using three fibronectin clones that have been engineered to bind to the epidermal growth factor receptor (EGFR) ectodomain with different
. 30 The proteins are engineered such that mutations of a small subset of amino acids alter binding affinity without dramatically changing other properties of the protein; this allows for an evaluation based on binding affinity without the introduction of additional variables. Keeping other parameters constant, the concentration of each of the clones was reduced until polymerization was no longer observed. We then tested the applicability of a mass-action kinetic model of protein binding for predicting the minimum surface initiator density required for polymerization.
Experimental

Protein Preparation and Characterization
The affinities of fibronectin clones B, D, and E for EGFR were previously determined by titration of the biotinylated clones to A431 cells. Following purification, the proteins were biotinylated with EZ-Link NHS-LC-Biotin and subsequently purified using UltraCruz TM Micro G-25 Spin Columns. Total protein was quantified using a BCA assay with BSA standards. The degree of biotinylation was determined using a HABA (4'-hydroxyazobenzene-2-carboxylic acid) assay (Supplementary Figure 2) . The fraction of the total protein corresponding to each of the fibronectin clones was estimated using densitometry (Supplementary Figure 3) .
Preparation of Detection Reagents
A macrophotoinitiator capable of binding biotin was prepared by coupling eosin initiators to streptavidin by reaction of eosin 5-isothiocyanate with a fraction of the solvent-accessible lysine residues of streptavidin as previously described. 4 The aqueous monomer solution consisted of 0.5 μM eosin, 200 mM poly(ethylene glycol) diacrylate (PEGDA) (M n =575), 100 mM triethanolamine (TEA), and 150 mM 1-vinyl-2-pyrrolidinone (VP).
Test surface preparation
Aldehyde functionalized agarose surfaces were prepared according to published methods. 31 Each test surface consisted of duplicate spots of 0.1 μL 250 μg/mL EGFR (Supplementary Figure 4) and the three fibronectin clones. In the first experiment, 10 μg/mL of each of the unbiotinylated fibronectin clones was used in place of their biotinylated counterparts. In the second experiment, the test surface development was performed omitting the fibronectin binding step so that the surfaces were only contacted with streptavidin-eosin. These experiments were performed to assess the specificity of the polymerization response; assay conditions must be chosen such that streptavidin-eosin does not nonspecifically bind EGFR or the fibronectin clones at a level sufficient for the initiation of polymerization.
Analysis
Each surface was imaged using the digital camera built into the ampliPHOX® Reader (InDevR) imaging bay. Mean intensity and standard deviation values were calculated for every surface feature and for the background in an automated fashion using the ampliVIEW® software that accompanies the instrument.
Full details of the chemical suppliers and experimental methods are provided in the supplementary information.
Results and Discussion
A schematic of the binding events resulting in polymerization is presented in Figure 1 . As depicted, biotinylated fibronectin binds to EGFR immobilized on activated agarose (K d =0. [25] [26] [27] [28] [29] [30] nM depending on the clone), and this is followed by the binding reaction between biotin and the streptavidin of the macrophotoinitiator. Streptavidin is coupled to a photoinitiator, eosin, which, in the presence of a co-initiator (triethanolamine), can induce radical polymerization in response to light in the visible range (522 nm). The resulting hydrogel is stained with a dye for ease of visualization; the final result is depicted in Figure 2 for fibronectin clone D. For the radical polymerization reaction, eosin is present both at the surface as a function of the sequential binding events as well as in the bulk monomer solution in order to circumvent the oxygen inhibition typical of radical photopolymerization reactions. 22 The polymerization is a threshold process, and thus will be limited to the surface where the local concentration of eosin is higher than in the bulk solution provided that local concentration exceeds a minimum initiator threshold. Thresholds are also encountered in ELISA and immuno-PCR 27 for which signal plateaus are observed above a certain enzyme or DNA concentration. threshold that must be exceeded for polymerization at these concentrations and the amount of active EGFR immobilized on the surface is limiting.
Near the limit of detection, small differences in the number of protein molecules bound (or immobilized on the surface) dictate whether or not the threshold for polymerization is exceeded.
The threshold nature of the polymeric amplification 2, 16 is also seen in the lack of correlation between the extent of the polymerization (as indicated by the colorimetric intensity 20 ) and the binder concentration used, although it is likely that the fractional surface coverage increases with binder concentration. Further indication that a threshold limit based on the number of surface-immobilized protein molecules has been reached, the concentration limit for clone B is approximately 1.5 times its dissociation constant, while the concentration limit for clone D is more than an order of magnitude greater than its dissociation constant. This suggests that increasing the concentration of active surface immobilized EGFR would allow for further reductions in the fibronectin clone concentrations necessary for achieving a surface initiator density sufficient for polymerization. Johnson et al. demonstrated the effects of altering the relative concentrations of the capture and probe molecules for a nucleic acid hybridization study. 16 Near the limit of detection (78 capture DNA/ μm 2 ), they found that a concentration of 10 nM target DNA is necessary for the formation of a polymer film, while increasing the capture density to 6500/ μm 2 allows for a reduction in the target DNA concentration to below 0.5 nM. 16 Similarly, simulation shows that as the EGFR surface density is increased, the fraction of available binding sites occupied remains the same, but the overall number of fibronectin clones bound per unit area increases (Supplementary Figure 6) .
In order to determine the surface initiator density threshold for polymerization, it is useful to calculate the theoretical fraction of EGFR molecules bound for each of the clones at the concentrations assayed. The reversible bimolecular interaction at the surface can be written as
where L represents the binding ligand, P the surface-immobilized protein, and C the complex formed at the surface. Assuming mass action kinetics, the rate of association takes the for all clones. These clones were selected using equilibrium screening and the on-rates were never directly determined, 30 so it is possible that the on-rates could differ slightly for any of the three clones. A reduced on-rate for clone E would result in a lower surface complex concentration (Supplementary Figure 8) . Assuming an on-rate of 10 5 M -1 s -1 , the model predicts a complex concentration of 160 molecules/μm 2 , which is above the threshold for polymerization.
However, fluorescence-based surface density quantification (Supplementary Figure 9 ) reveals that only 70 molecules/μm 2 are bound, a result consistent with a lower on-rate and the absence of polymerization.
Conclusions
In the study of the impact of dissociation constant on the observed detection sensitivity using polymerization-based signal amplification reactions presented here, our key findings are that within the parameter space investigated, improvements in binding affinity lead to marked improvements in detection sensitivity. Experimental findings were accurately predicted using a mass action kinetic model. Combined model and experimental findings support the idea that in polymerization-based amplification assays, detection sensitivity for a solution phase molecule is determined by whether a threshold initiator surface density is attained as a result of the kinetic and thermodynamic characteristics of the chosen recognition events and the chosen assay conditions (incubation time, surface capture probe density). Bioassay development is typically an empirical process that can be time consuming and costly. The ability to predict assay performance greatly enhances the efficiency of this process. As presented here, a simple kinetic model can be used to predict assay performance given a minimal set of experimentally accessible parameters (surface capture probe density and binding affinity).
In addition, experimental validation of this simple model in the context of polymerization-based amplification assays is valuable for future efforts to engineer binding reagents since improved assay performance as a function of improvements in binding affinity may be quantitatively predicted prior to committing resources to a protein engineering effort.
This work also provides guidance in assessing whether commercial binding reagents are likely to provide adequate sensitivity in a given application. 
Protein Expression and Biotinylation
Plasmids (pEThK-Fn3 clones B, D, and E) 30 were obtained from the K.D. Wittrup Lab. To express each clone, plasmids were transformed into Rosetta (DE3) E. coli, which were then grown on LB agar plates (with 30 mg/mL kanamycin and 25 mg/mL chloramphenicol) at 37°C.
Starter cultures were prepared by transferring single colonies to 5 mL of LB media (with 30 mg/L kanamycin and 25 mg/mL chloramphenicol). These cultures were grown at 37°C at 250 rpm for ~16 hours and then added to 100 mL of LB media (with 30 mg/L kanamycin and 25 mg/mL chloramphenicol) in a 250 mL flask to be grown at 37°C and 250 rpm. Once the absorbance at 600 nm had reached ~1, expression was induced by adding IPTG to a final concentration of 0.5 mM. The cells were then incubated for a further 24 hours at 37°C and 250 rpm. At this point, the cells were pelleted at 15,000xg for 15 minutes (4°C). The supernatant was decanted and the cells were resuspended in 25 mL wash buffer (300 mM NaCl, 50 mM sodium phosphate, 10 mM imidazole, pH 7.4). A cOmplete Mini protease inhibitor cocktail tablet was added to the cell suspension. The sample tube containing the cell mixture was placed in a container packed with ice and sonicated 3 times for 60 seconds each (Branson sonifier 250, output control set to 5, 50% duty cycle). The sample was centrifuged at 15,000xg for 15 minutes (4°C) and the supernatant was filter sterilized with a 0.2 μm filter in preparation for metal affinity purification. The proteins were purified using an ÄKTAFPLC and HisTrap FF Crude columns. The elution buffer consisted of 300 mM NaCl, 50 mM sodium phosphate, 300 mM imidazole (pH 7.6). (Supplementary Figure 1) Following purification, the proteins were biotinylated with the EZ-Link NHS-LC-Biotin and subsequently purified using UltraCruz TM Micro G-25 Spin Columns. Total protein was quantified using a BCA assay with BSA standards.
HABA Assay for determining relative degree of biotinylation
A standard curve for determining the degree of biotinylation was generated by adding varying 
Densitometry
Because the BCA assay determines the total amount of protein, the fraction of the total corresponding to each of the fibronectin clones was estimated using densitometry. Duplicate samples of each of the fibronectin clone protein purifications were run at a total protein concentration of 1.5 μg on an SDS-PAGE gel along with BSA standards (2 μg, 1.5 μg, and 1 μg).
Following Coomassie staining, the gel was imaged and analyzed using ImageJ. The image was Table summarizing the number of biotin per protein determined using the two separate standard curves. The number of biotin per protein is defined as the moles of biotin (as indicated by the assay) divided by the moles of protein (based on a BCA assay and assuming that there are not any contaminating proteins present). Because the proteins differ only with respect to a small subset of amino acids, it is reasonable to assume that they are similarly reactive; therefore, we hypothesize that the differences in the number of biotin per protein are attributable to differences in the relative purities of the protein preparations.
Supplementary Figure 3 . Densitometric analysis. (A) SDS-PAGE gel. 1.5 μg total protein (based on a BCA assay) of each fibronectin clone protein preparation was loaded in duplicate onto an SDS-PAGE gel along with a protein ladder and BSA standards at the indicated quantities. The gel was imaged and densitometric analysis was performed in order to determine the amount of each fibronectin clone in the respective protein preparations. (B) Quantification of the SDS-PAGE gel presented in A. Using ImageJ, the image was inverted and the integrated intensities of equal areas fully encompassing the bands as well as an area removed from the bands (to be used as the background intensity) were measured. The integrated intensities were then background corrected (shown above) and the quantity of each of the fibronectin clones was determined through normalization by the integrated intensity of the BSA standard bands. Figure 3 in the text) shows that the initiator density achieved with a surface density of 229 molecules EGFR/μm 2 and 2.4 nM of clone D in solution is not sufficient after a 30-minute incubation to initiate polymerization. This simulation shows that one way to achieve an initiator density above the threshold required for polymerization while holding the solution concentration of the target biomolecule (clone D) constant would be to increase the surface density of EGFR.
Supplementary
Supplementary Figure 8.
Reducing the on-rate below 10 5 M -1 s -1 results in a reduction in the complex concentration for lower concentrations of the fibronectin clone. For the results generated above, K d =2.9 nM (fibronectin clone E) and the binding reaction time was set to 30 minutes. This simulation shows the extent to which slight changes in the on-rate (which may occur from clone to clone as clones were selected using equilibrium titrations rather than kinetic screens) result in changes in the surface concentration of the EGFR-Fn complex. For example, looking at the 10 nM points, a deviation of the on-rate from the standard order-of-magnitude assumption of 10 5 M -1 s -1 could place the initiator density either well above or well below the observed threshold required for polymerization.
